ABSTRACT: The key active site residues K185, Y139, D217, 
higher values for mutants K185A and D241A (pK values of 8.4 and 8.5, respectively) . For the other mutants, smaller changes 29 have been observed. Consequently, K185 and D241 may constitute a proton relay system that can assist in the abstraction of a 30 proton from the OH group of IPM during catalysis. Molecular dynamics simulations provide strong support for the neutral 31 character of K185 in the resting state of the enzyme, which implies that K185 abstracts the proton from the substrate and D241 32 assists the process via electrostatic interactions with K185. Quantum mechanics/molecular mechanics calculations revealed a 33 significant increase in the activation energy of the hydride transfer of the redox step for both D217A and D241A mutants. Crystal 34 structure analysis of the molecular contacts of the investigated residues in the enzyme−substrate complex revealed their 35 additional importance (in particular that of K185, D217, and D241) in stabilizing the domain-closed active conformation. In 36 accordance with this, small-angle X-ray scattering measurements indicated the complete absence of domain closure in the cases of 37 D217A and D241A mutants, while only partial domain closure could be detected for the other mutants. This suggests that the 38 same residues that are important for catalysis are also essential for inducing domain closure.
SDS−PAGE and Native Gel Electrophoresis. SDS gel 116 electrophoresis was conducted using the method of Laemmli. 31 117 Native gel electrophoresis was performed using the method of 118 Ornstein. 32 The resolving and stacking gels were 12.5 and 5%, Molecular Graphical Analysis of the X-ray Structure. 208 The X-ray coordinates of the completely closed structure of the 209 Tt-IPMDH−Mn 2+ −IPM−NADH quaternary complex (PDB 210 entry 4F7I) were used for molecular graphical analysis with the 211 aid of Insight II 95.0 (Biosym/MSI, San Diego, CA). The upper 212 distance limit for hydrogen bonds was taken to be 3.5 Å, while 213 for hydrophobic and ionic interactions, it was considered to be 214 4.5 Å.
215
MD Simulations. To assess the most likely protonation 216 state of the side chains of the D217, D241, and K185 residues 217 and of the hydroxyl group of IPM, four different systems were 218 studied and are illustrated in Figure 4A . Five-nanosecond 219 stochastic boundary MD simulations were conducted on each 220 system using the CHARMM software package 38 according to 221 the previously published protocol, 13 which is also described in 222 detail in the Supporting Information.
223
QM/MM Calculations. To test the contribution of the 224 experimentally mutated side chains in enhancing the catalytic 225 activity of the enzyme, the QM/MM energy profiles obtained 226 earlier for the wild-type enzyme were reinvestigated using 227 point-charge deletion analysis (differential transition state 228 analysis). 39−45 This methodology allowed us to test the 229 electrostatic effect of the mutated side chains on the reaction 230 mechanism, which is considered as the basis of the catalytic 231 effect of enzymes by Warshel and co-workers. 46 The Mn 2+ ion-232 bound structures of the wild-type enzyme were taken from our 233 previous study. 13 In that study, we showed that the proton and 234 hydride transfer reactions occur sequentially and determined 235 the reaction barrier of these processes. Figure 1A ). We have checked that the contribution of the 315 active site Lys and Asp residues to the global surface charge of 316 the protein molecule is negligible under our experimental 317 conditions. Thus, we cannot expect easily detectable changes in 318 the electrophoretic running pattern upon mutation of the active 319 site Lys and Asp side chains into Ala itself. Therefore, the 320 observed decrease in the electrophoretic mobilities of all the 321 mutants (relative to the wild-type enzyme) might be due to a 
2.7 ± 0.5 (1.1%) 13 ± 3 305 ± 50 49 ± 7 7.9 ± 0.1 2.6 D241A 0. 463 with the X-ray structure. System 1 corresponds to the reactant 464 state structure proposed for analogous enzymes: the amino 465 group of K185′ is protonated, and the hydroxyl group of IPM is 466 neutral. System 2 matches our proposal: the originally neutral 467 amino group of K185′ acted as a base and abstracted the proton 468 from the hydroxyl group of IPM. Systems 3 and 4 are 469 consistent with the proposal that K185′ is protonated in the 470 resting state of the enzyme and in the course of the catalyzed 471 reaction abstracted the proton from the hydroxyl group of IPM 472 and transferred one of its protons to a nearby aspartic acid 473 residue, either to D217 (system 3) or to D241 (system 4). 474 We have monitored the distances that are characteristic of 475 the interactions among the amino group of K185′, the hydroxyl 476 group of IPM, and the carboxylic groups of D217′ and D241. 477 The results have been summarized in Figure 4B . It is obvious 478 from the figure that the characteristic distances show very great 479 variation with the protonation state of the studied residues, and 480 only system 2 features distances consistent with the X-ray 481 structure. In the case of system 2, all distances vary around the 482 corresponding distances in the X-ray structure. In contrast, 483 some major rearrangements are observed for the other systems. 484 For example, in the case of system 1, the distance between the 485 amino nitrogen atom of K185′ and the hydroxyl oxygen of IPM 486 increases to ∼3.5 Å in contrast to the experimental value of 487 3.07 Å. Furthermore, the hydroxyl group of IPM turns away 488 from K185′, and the hydroxyl hydrogen is found in a very 489 unfavorable position for the proton transfer to occur. The 490 results of the MD simulations on systems 3 and 4 are even 491 more inconsistent with the X-ray structure, where D241 is 492 located closer to K185′ (the distances of the carboxylate O 493 atoms from the Lys NZ atom are 3.30 and 2.62 Å) than to 494 D217′ (the corresponding distances are 3.78 and 3.60 Å, 495 respectively), but this order is reversed in these two model 496 systems. Therefore, the results of the MD simulations strongly 497 support the hypothesis that (1) in the resting state of the 498 enzyme K185′ is unprotonated, (2) Before we discuss the obtained results, it might be useful to 569 touch upon the accuracy of our calculated data and emphasize 570 that the obtained numbers give only qualitative insight and 571 should not be taken literally. On the basis of the Arrhenius 572 equation, the activation energy differences between the wild-573 type and mutant enzymes can be predicted from the 574 experimental k cat values (see Table 1 ). The data show that 575 the experimentally observed reduced reaction rates do not 576 always translate into a seriously increased energy of activation; 577 e.g., the 13.9% activity of the N102A mutant corresponds to an 578 only 1.1 kcal/mol increase in the activation energy. 579 Unfortunately, this effect, even with very precise computational 580 methods [e.g., with the CCSD(T) method, which is the gold 581 standard of computational chemistry], cannot be expected to be 582 described reliably. In light of the estimated activation energy 583 differences in the various mutants, one can realistically expect 584 the calculations to reproduce that of the D241A mutation as 585 the most severe one; the Y139A and D217A mutants should 586 have similar but less reduced activities, and the D245A and 587 N102A mutations should have an even smaller effect on the 588 catalytic reaction.
f5 589
In Figure 5A , we have plotted the estimated relative energies 590 of the most important structures involved in the proton and outside of the scope of the modeling presented here.
646
In Figure 5B, . FRET spectra of the investigated active site mutants of Tt-IPMDH in comparison to that of the wild-type enzyme. FRET experiments with the wild type and various single mutants of IPMDH were conducted as described in Materials and Methods. The FRET spectra are illustrated by using the same types of lines as in the case of CD spectra in Figure 1B . As a comparison, FRET spectra of the previously investigated E270A mutant 57 (gray dotted line) and N102A (gray dash−dot−dot line) are also illustrated. In addition, IPMDH as a dimer represents a unique example 857 of the functionally related domain motions, in which the main 858 catalytic residues are simultaneously responsible for both 859 
